Abstract Purpose To compare single-level circumferential spinal fusion using pedicle (n = 27) versus low-profile minimally invasive facet screw (n = 35) posterior instrumentation. Method A prospective two-arm cohort study with 5-year outcomes as follow-up was conducted. Assessment included back and leg pain, pain drawing, Oswestry disability index (ODI), pain medication usage, self-assessment of procedure success, and [1-year postoperative lumbar magnetic resonance imaging. Results Significantly less operative time, estimated blood loss and costs were incurred for the facet group. Clinical improvement was significant for both groups (p \ 0.01 for all outcomes scales). Outcomes were significantly better for back pain and ODI for the facet relative to the pedicle group at follow-up periods [1 year (p \ 0.05). Postoperative magnetic resonance imaging found that 20 % had progressive adjacent disc degeneration, and posterior muscle changes tended to be greater for the pedicle screw group. Conclusion One-level circumferential spinal fusion using facet screws proved superior to pedicle screw instrumentation.
Introduction
A number of techniques may be used in performing a onelevel lumbar fusion for the treatment of advanced degenerative disc disease (DDD) refractory to conservative care. Combined anterior (interbody)-posterior techniques have the advantages of providing the greatest and most reliable increase in disc height, indirect foraminal decompression, restoration of lordosis, and a large area in which to achieve interbody fusion [1, 2] . Interbody fusion may also be performed using a posterior-only approach, such as a posterior (PLIF) or transforaminal lumbar interbody fusion (TLIF). PLIF and TLIF reliably improve clinical results and have the advantage of avoiding the anterior approach but may risk epidural scarring and radiculitis [3] [4] [5] [6] . Posterior lumbar surgery has also been shown to adversely affect the posterior paraspinal muscles in experimental and human studies. Electromyographic, histological, histochemical, and inflammatory serum marker changes have been identified and related to the pressure and duration of muscle retraction [7] [8] [9] . Experimental animal studies have found magnetic resonance imaging (MRI) changes due to denervation and myonecrosis of the posterior spinal musculature consequent to posterior surgery and retraction duration [10, 11] . Human MRI studies have also detected posterior spinal muscle abnormalities [12] [13] [14] [15] .
Based on the foregoing, one may conclude that paraspinal muscle retraction should be minimized during posterior lumbar surgery to avoid potential damage to the muscles. One attractive type of minimally invasive posterior fusion technique uses low-profile instrumentation with transarticular facet screw fixation. Clinically, the facet screw technique is generally successful in posterior fusion [16] . However, it has been found that additional interbody fusion enhances the union rate [17] . This combined circumferential fusion technique has biomechanical stability similar to that of pedicle screws [18] [19] [20] .
The purpose of the present study was to compare the clinical outcomes and postoperative posterior muscle changes of two groups of patients undergoing one-level circumferential spinal fusion for DDD. In one group, a posterior procedure was performed using a midline approach with pedicle screw fixation, while in the second group facet screw instrumentation was used.
Methods
The present study is a sub-analysis of a larger ongoing IRB-approved prospective lumbar spine fusion outcomes study. Entry criteria were age between 18 and 65 years, \20°of scoliosis, and axial low back pain (LBP) greater than leg symptoms. Patients were eligible if they had had a previous discectomy but were excluded if they had recurrent disc herniation or stenosis that required additional open decompression. Patients underwent [9 months of nonoperative treatment, including physical therapy, pharmacological treatment, and spinal steroid injections. Two cohorts of single-level lumbar DDD patients were compared, all of whom had circumferential spinal fusion performed by a single surgeon with more than 12 years experience. One group (n = 27) was treated between Jan- There was no significant difference in patient characteristics between the two groups (Table 1) . Both groups had a similar ''mini'' open anterior spinal fusion using femoral cortical ring allograft combined with bone graft material. All facet screw and nine pedicle screw patients had bone morphogenic protein (BMP, 4.2-mg Infuse, Medtronic, MN) placed within the cortical ring allograft; the remaining patients had anterior iliac bone graft placed within the cortical ring. Patients in the facet screw group had an anterior buttress screw and washer instrumentation placed or, if they were large ([80 kg) or osteopenic/osteoporotic (DEXA scan T score \-1.5) they had supplementary anterior plate fixation. A total of 16 patients in the facet group had an anterior plate. Both groups had posterior intracortical iliac crest bone autograft harvested for the posterior fusion. BMP was not used posteriorly. Both groups had open posterior instrumentation and decortication out to the transverse processes, yet the degree of midline exposure and retraction was far less for the facet screw group. Additional surgeries were tracked for both groups, including pseudarthrosis repair, adjacent segment decompression, adjacent-level fusion extension, and posterior instrumentation removal. Patients with irritating instrumentation, all in the pedicle screw group, had confirmatory local anesthetic injections (n = 10) performed directly over the pedicle screw heads prior to the instrumentation removal.
Clinical outcomes were assessed pre-and postoperatively with multiple outcome instruments: visual analog scale (VAS) for back and leg pain; pain drawing; Oswestry disability index (ODI); pain medication usage (nonsteriodal anti-inflammatory drugs and narcotics); and patient self-assessment of procedure success over a minimum 2-year follow-up period. Outcome results were entered by office personnel (blinded to the type of surgical approach) into computer spreadsheets, with the treating surgeon blinded to these results.
Follow-up lumbar MRI scans were obtained [1 year postoperatively to assess for changes in adjacent disc hydration relative to the preoperative MRI on sagittal T 2 -weighted images. Paraspinal muscle changes were also analyzed: specifically, T 2 -weighted and fat-saturation axial images were analyzed for intensity changes normalized to the psoas muscle at the level of the discs from L2-3 to S1-2; however, L2-3 was not imaged in all scans [15, 21, 22] . In addition, a modification of a previously described digital thresholding technique was used to measure the cross-sectional area of altered muscle in the postoperative relative to preoperative MRIs [22, 23] . T 2 -weighted images were selected at the disc level for each individual (10 total images): L2-3, L3-4, L4-5, L5-S1, and S1-2 for both preand postoperative scans. The DICOM images were then imported into an image analysis program that allowed threshold manipulation (Image J, http://rsbweb.nih.gov/ij/). The erector spinae muscle area on each side was selected using a loop tool, and the threshold tool was used to highlight the white areas on the T 2 image. The area highlighted by the threshold and within the loop was measured in both percentage of selection and pixels. The gray value threshold was determined in a pilot group of ten patients in whom the threshold area was \5 % of the total muscle area on the preoperative scans. The total sample size varied by level owing to image quality and availability (older scans were not digitized). Thus, patients who had both pre-and postoperative MRIs that were usable varied by level: 13 facet and 9 pedicle screw patients at L2-3; 25 facet and 11 pedicle screw patients at L3-4; 27 facet and 12 pedicle screw patients at L4-5; 26 facet and 9 pedicle screw patients at L5-S1; and 21 facet and 10 pedicle screw patients at S1-2. Fusion status was determined by continuous trabeculation on plain radiographs in all patients, by advanced imaging: high-resolution computed tomography (CT) in 29 patients (average 18 months postoperatively) or MRI (or both) in 56 patients (average 33 months postoperatively). Only three patients of both groups combined did not have advanced imaging.
Statistical comparisons were made between the two groups using a two-sample t test for all the outcomes scales.
The p values from a t test comparing the mean change between groups at each follow-up visit were obtained, as was an overall p value for a significant difference in mean change over time by group from a repeated-measures regression model. Differences in patient characteristics, pain medication use, self-assessment of success, repeating surgery under similar conditions, recommending treatment to others, and fusion rates were analyzed using the Chisquare and Fisher's exact test. Probability values of \0.05 were considered statistically significant.
Results
Preoperatively, in the pedicle screw group, the mean number of degenerated lumbar discs on MRI was 1.9 (range 1-5) per patient; 17 patients had preoperative discography (median of 3.0 discs tested, which included a control level), of which a median of 1.0 discs produced concordant pain (greater than or equal to 6/10 pain intensity). In the facet screw group, the mean number of degenerated lumbar discs on MRI was 1.6 (range 1-5) per patient; and 26 patients had preoperative discography (median of 3.0 discs tested) of which a median of 1.0 discs produced concordant pain.
Perioperative comparison between the facet and pedicle screw groups revealed significantly less blood loss, operative time, implant costs (which included BMP), and length of stay for the facet group (Table 2 ). There were more additional surgeries in the pedicle screw group, primarily owing to irritation and pain caused by the more prominent and bulky instrumentation. For the 13 patients from whom instrumentation was removed, removal was performed 23 ± 16 months after the index fusion procedure. The rate of additional surgeries for pseudarthrosis repair and for extension of the fusion above the index levels was not statistically different between the groups.
Outcomes data were 100 % for all follow-up periods except at the 4-to 6-year interval, wherein 14 and 7 % of facet and pedicle screw patients, respectively, were lost to follow-up or declined to participate further. The mean follow-up period was 5.6 years. Outcome instruments found significant improvement within both groups at all follow-up periods relative to the preoperative state: LBP VAS, all p \ 0.0001 for both facet and pedicle groups at all follow-up periods; leg VAS, all p \ 0.0001 for the facet at all follow-up periods and p \ 0.01 for the pedicle groups for all follow-up periods except p = 0.031 at the 4-to 6-year follow-up; pain drawing, all p \ 0.0001 for both facet and pedicle groups except p = 0.009 for the pedicle group at 1-to 2-year follow-up; ODI, all p \ 0.0001 for both groups except p = 0.0002 for the pedicle group at 7-to 12-month and 1-to 2-year follow-up periods (Figs. 1, 2,  3, 4) . Pain drawings demonstrated residual pain was typically in the lumbosacral region, buttock, or posterior thigh. Comparison found greater improvement in LBP VAS scores for the facet group, which was significant for the 1-to 2-year, 2-to 4-year, and 4-to 6-year follow-up periods (p = 0.028, p = 0.033, and p = 0.039, respectively; overall p = 0.024). Greater improvement was also found in the facet group for ODI scores, which was significant for the 1-to 2-year and 2-to 4-year follow-up periods (p = 0.001 and p = 0.023, respectively; overall difference between groups, p = 0.020). Outcomes results were reanalyzed to evaluate the effect of the missing patient data for the 4-to 6-year follow-up period on the robustness of the study conclusion. The ''worst-case'' analysis was performed for the 4-to 6-year end evaluation using two methods. First, for the patients with missing data, we assumed no improvement in any of the VAS pain, pain drawing, and ODI scores relative to the preoperative state and then analyzed for within-group differences and then differences between the facet and pedicle groups. A t test was employed to test for statistical significance within group and between groups. The results demonstrate that the within-group changes remain statistically significant after imputing a value of no change for missing data. The between-group differences that were not statistically significant remained nonstatistically significant; however, the difference in LBP VAS at the 4-to 6-year period, which is significant excluding the missing data, is not significant with the imputed data. In addition, the repeated-measures analysis was redone with the imputed data for the missing 4-6 year period. The two parameters with statistically significant differences over time between groups (LBP VAS and ODI) remain statistically significant, with the imputed data sensitivity analysis demonstrating a robust observation and minimal effect on the study conclusions due to the missing observations at the 4-to 6-year period. An additional missing data imputation was conducted in which the 2-to 4-year period observation was imputed for the missing 4-to 6-year period data. The results are similar to those cited earlier, further indicating that the impact on the study conclusions of the missing observations at the 4-to 6-year period is minimal. Both groups demonstrated substantial reduction in their use of pain medication (Table 3 ). The facet group used significantly fewer narcotics in the early 7-to 12-month follow-up period and, in the facet group, a significantly greater rate of patients not requiring any pain medication was observed. Assessment of overall success-would patients repeat the surgery under similar conditions, and would they recommend the treatment to others?-was similarly high for both groups (Table 4) .
Radiographic analysis identified one and two pseudarthroses in the facet and pedicle screw groups, respectively (an insignificant difference; p = 0.41). Postoperative MRIs were obtained in 25 of 27 patients in the pedicle and 31 of 35 patients in the facet screw group at an average of 2.5 years. Of the six patients who did not have a postoperative MRI, four had moved far out of the area and two declined the scan. Postoperative MRI found new or progressive dehydration of the adjacent disc in 20 % of both pedicle and facet screw groups (Fig. 5) . This occurred in 25 % of patients who had preoperative discography. The average (±SD) TR and TE were 4,466 ± 1,079 and 106 ± 7, respectively, on preoperative MRI and 4,306 ± 1,094 and 110 ± 9, respectively, on postoperative MRI. The change in T 2 -weighted paraspinal muscle signal intensity, normalized to the psoas, found a small increase from proximal to distal spinal levels in the preoperative MRIs. An increase in T 2 intensity was seen at the surgical levels for both the facet and the pedicle screw groups and was significant relative to the preoperative scans (p = 0.001 at L5-S1 and p = 0.0001 S1-2) but not between groups (Fig. 6) . The area of threshold T 2 signal within the paraspinal muscles (Fig. 7) was significantly greater in the postoperative MRIs at all levels (all p \ 0.0001 for right, left, and combined right and left) and was greatest at the distal levels (Fig. 8) . The increased threshold T 2 signal area within the paraspinal muscles was insignificantly greater for the pedicle relative to the facet screw group at all spinal levels, with no difference between right and left sides.
Discussion
The present study compared single-level circumferential spinal fusion operations that varied between two types of posterior instrumentation. Both groups in the present study had significant improvement in pain and disability outcomes and were in the range of prior reports [24, 25] . The present study found decreased blood loss, shorter hospital stay, and a lower reoperation rate for the facet instrumentation group, which is consistent with the previous comparative studies [17, 26, 27] . Fusion rates were high in both groups, and presumably this was enhanced equally by both groups having interbody fusion [17, 26] . However, our study differs from one prior study that found a higher pseudarthrosis rate and no greater improvement of the facet screw over the pedicle screw group [28] .
Postoperative MRI found similar rates of adjacent segment disc degeneration for the two study groups. Studies subsequent to enrollment for the present study have suggested that preoperative discography may accelerate this [29] .
The occurrence of the rate of adjacent segment degeneration was found to be greater in those patients who had preoperative discography. Although this was not significant in the present study, the small sample size may mask the true difference. Postoperative MRI also found increased T 2 signal intensity ratio of the multifidus to psoas (control) muscle, similar to a prior study that also found greater changes in the open fusion group as compared to minimally invasive posterior interbody fusion [30] . The present study found only an insignificant trend for greater MRI muscle change with the more invasive pedicle screw approach. A difference may exist, but our study was underpowered. Alternatively, the fact that the facet group required far less muscle retraction yet the MRI findings were similar between the two groups suggests that factors other than the degree of retraction cause muscle changes. One possible explanation for the similarities of the follow-up MRI between the present study groups is that both had surgical exposure to the transverse processes for posterolateral fusion, with possible concomitant cauterization of the facet vessels and posterior ramus branches. Thus, the MRI changes may reflect denervation changes of the medial and lateral branches of the posterior rami that were at risk of injury during the fusion bed preparation. In fact, we have modified our technique and now routinely use an anterior lumbar plate, and posteriorly no longer perform intertransverse process fusion; rather, we expose only the facet joint for facet fusion with local bone graft and thus maintain the nerve root posterior rami branches. There is clinical support that more aggressive posterior fusion is not needed [31] . To minimize posterior muscle damage, we now also use facet screws in multilevel cases (typically with anterior lumbar plates) in place of pedicle screw constructs. However, if osteopenia/osteoporosis and deformity are present (greater than can be corrected by a wedge-shaped femoral ring allograft), then the author uses a combination of facet and pedicle screws. One limitation of the study is its nonrandomized nature. Another is the incomplete follow-up at the 4-to 6-year period for eight patients. This is a relative weakness as worse-case analysis still found greater improvement for the facet screw group. Another relative limitation is the variable use of BMP (although used only anteriorly). BMP use accounts for probably only a small difference in outcomes, as there was no difference in fusion rates between those in whom BMP was used and those in whom it was not, and postoperative pain drawings did not indicate pain at the anterior iliac bone graft donor sites in those in whom BMP was not used. Another limitation is the variable use of supplemental anterior plate instrumentation in the facet group. This is thought to have negligible effect on outcomes, given that the fusion rate between groups was similar. Limitations regarding the MRI results were notable: Many preoperative scans were not obtained in a digital format, which is required for measurement of muscle alterations; thus the MRI results may be underpowered. In addition, the thresholding technique used to determine the area of altered muscle was dependent on TE and TR settings during MRI acquisition, which varied as noted. Variable MRI field strength and acquisition sequences may also affect signal and contrast between fat and water [32] . This affects our measurements relative to the selected threshold in the area of muscle changes.
The type of ''minimally invasive'' surgery may vary. Minimally invasive fusion may also be performed using a modification of the open TLIF technique that employs a paraspinal posterior approach. A recent review of this minimally invasive technique concluded that the benefit was only short term [33] . Our study supports that a minimally invasive midline approach to posterior fusion using low-profile facet instrumentation has improved outcomes sustained over 5 years as compared to a traditional open midline fusion using relatively larger pedicle screws.
In conclusion, this study found shorter hospital stays and sustained superior outcomes for patients undergoing singlelevel circumferential lumbar spinal fusion with minimally invasive low-profile facet posterior instrumentation as compared to larger-profile pedicle screws, both of which procedures were performed via a midline approach. Postoperative MRI scans, however, found increased alteration in paraspinal muscle changes which was insignificantly greater for the pedicle relative to the facet screw group, but this may be attributable to an insufficient number of usable scans for this analysis.
